Introduction
The data reported in the past few years have considerably improved the knowledge of the molecular basis of protein misfolding and aggregation, as well as of the relationship between structure and toxicity of the amyloid aggregates (Dobson, 2003) . Indeed, the idea that the most highly toxic species are the pre-fibrillar aggregates whereas mature fibrils are substantially harmless is currently gaining increasing support (Walsh et al., 2002; Stefani and Dobson, 2003; Kayed et al., 2003) . These data have led to the proposition that the pre-fibrillar assemblies share basic structural features that, at least in most cases, seem to underlie common biochemical mechanisms of cytotoxicity (Stefani and Dobson, 2003; Kayed et al., 2003; Bucciantini et al., 2002; Bucciantini et al., 2004 , Bucciantini et al., 2005 .
A number of biochemical modifications eventually leading to cell death have been reported in cells exposed to toxic aggregates of several differing peptides and proteins either in whole animals or in differing cultured cell lines (Lane et al., 1998; Morishima et al., 2001; Velez-Pardo et al., 2001; Zhang et al., 2002; Ross, 2002; Bhagat et al., 2002; Iijima et al., 2004; Bucciantini et al., 2004) . These comprise an imbalance of the intracellular redox status and free Ca 2+ levels (reviewed in Stefani and Dobson, 2003) together with a number of other characteristics, such as derangement of lipid homeostasis (Janciauskiene and Ahrén, 2000) , interaction with membrane receptors (Mruthinti et al., 2003) and, in the case of aggregates of proteins containing poly(Q) extensions, dysregulation of the transcriptional machinery (Sakahira et al., 2002) . One leading hypothesis of the molecular basis of amyloid toxicity claims that single misfolded molecules or a subpopulation of prefibrillar aggregates interacts with the cell membrane disassembling the lipid bilayer (Yip and McLaurin, 2001; Green et al., 2004) ; the resulting impairment of membrane permeability would then lead to an imbalance of ion homeostasis (Kourie and Henry, 2002) . Indeed, modifications of ion permeability have been found in cells exposed to amyloid aggregates; in particular, alterations of the intracellular free Ca 2+ levels have been repeatedly reported (reviewed in Dobson, 2003) . The latter is considered a key modification determining the fate of a cell in terms of life or death; indeed, a rise of free Ca 2+ may trigger apoptosis indirectly, by affecting mitochondrial functionality and/or directly, by activating caspases and calpains (Orrenius et al., 2003) .
Usually, in cells, the rise of free Ca 2+ is associated with the elevation of ROS, possibly following the activation of the oxidative metabolism to couple the increased need for ATP by the calcium pumps (Squier, 2001) . In turn, ROS increase may reinforce the rise of free Ca 2+ by inhibiting the Ca 2+ pumps It has been reported that different tissue or cultured cell types are variously affected by the exposure to toxic protein aggregates, however a substantial lack of information exists about the biochemical basis of cell resistance or susceptibility to the aggregates. We investigated the extent of the cytotoxic effects elicited by supplementing the media of a panel of cultured cell lines with aggregates of HypF-N, a prokaryotic domain not associated with any amyloid disease. The cell types exposed to early, pre-fibrillar aggregates (not mature fibrils) displayed variable susceptibility to damage and to apoptotic death with a significant inverse relation to membrane content in cholesterol. Susceptibility to damage by the aggregates was also found to be significantly related to the ability of cells to counteract early modifications of the intracellular free Ca 2+ and redox status. Accordingly, cell resistance appeared related to the efficiency of the biochemical equipment leading any cell line to sustain the activity of Ca 2+ pumps while maintaining under control the oxidative stress associated with the increased metabolic rate. Our data depict membrane destabilization and the subsequent early derangement of ion balance and intracellular redox status as key events in targeting exposed cells to apoptotic death. (Squier, 2001; Orrenius et al., 2003) . Despite this and other information, the biochemical modifications in cells exposed to the toxic aggregates are far from being well known.
The role of membrane lipid composition in favouring or disfavouring protein peptide aggregation at the cell surface, and the following membrane structural and biochemical alterations have also not yet been investigated in detail. There is evidence that protein conversion into toxic aggregates is enhanced by membranes (Lee et al., 2003; Bokvist et al., 2004) and by increased levels of anionic phospholipids, such as phosphatidylserine (PS), in neuronal membranes of Alzheimer's disease patients (Wells et al., 1995) . Increased PS content is also found at the outer surface of the plasma membrane of neuronal cells, thus providing a possible explanation of the higher susceptibility of the latter to the toxic insult of folding variants of proteins (Svanborg at al., 2003) . The role of membrane cholesterol in neurodegenerative diseases is highly controversial (Ledesma and Dotti, 2005) , and there are reports indicating that loss of neuronal membrane cholesterol may be detrimental by favouring amyloid peptide generation (Abad-Rodriguez et al., 2004) .
In general, it is believed that surfaces can catalyze the formation of amyloid fibrils with mechanisms substantially different from those occurring in bulk solution (Zhu et al., 2002) and that self-assembly on the bilayer surface is critical for membrane disruption (Yip and McLaurin, 2001 ). The interaction with suitable surfaces can favour protein aggregation by surface concentration resulting from the twodimensional nature of the association; the interaction may also induce conformational changes leading to aggregation-prone conformers (Bokvist et al., 2004) . However, much of this knowledge has been achieved mainly with synthetic membranes, whereas we still lack a deeper knowledge of the relationship between lipid composition of cell membranes, cell susceptibility to the toxic aggregates and mechanisms of aggregate cytotoxicity.
Another, possibly related yet poorly investigated, issue is the biochemical/molecular basis of the differing susceptibility to the toxic insult by the aggregates of different cell types either in whole organisms (Soriano et al., 2003) or in culture (Mazziotti and Perlmutter, 1998; Dargusch and Schubert, 2002) . For example, the basal forebrain cholinergic neurons in one of the vulnerable areas in Alzheimer's disease brain are reported to be most consistently and severely affected by Abeta peptides (Hohmann et al., 1988) although the cause of this preferential decimation remains unknown. Several reports show that differing cultured cell lines are variously affected by aggregates of Abeta peptides and amylin, even in relation to differentiation (Janciauskiene and Ahrén, 1998; Janciauskiene and Ahrén, 2000; Sung et al., 2003) . The biochemical features of the reduced sensitivity to amyloid aggregate toxicity displayed by resistant elements selected among populations of cultured PC12 cells have been studied (Mazziotti and Perlmutter, 1998; Sung et al., 2003) . It has also been reported that in primary cultures of mouse brain cells neurons are most heavily affected by toxic Abeta 42 aggregates than glia cells (Bloom et al., 2005) and that the latter are the primary target of Abeta aggregates whose effects subsequently affect neuronal viability (Abramov et al., 2004) . Finally, it has been claimed that one of the most perplexing aspects of polyglutamine disorders is the degeneration of particular neuronal populations in the presence of poly(Q) aggregates, although the aggregating poly(Q) protein is much more widely expressed across the brain (reviewed in Michalik and Van Broeckhoven, 2003) .
In all these cases, the enhanced resistance of cells has been attributed to adaptive mechanisms reducing the sensitivity to oxidative stress. However, the latter does not seem, by itself, sufficient to complete the death program in sensitive cells (Soriano et al., 2003) and the increased anti-oxidant defences do not seem to account entirely for the survival of resistant cells (Mazziotti and Perlmutter, 1998) .
A deeper knowledge of the biochemical modifications underlying the increased resistance of cells to death following exposure to toxic aggregates appears mandatory to improve our understanding of the chain of events eventually causing exposed cells to die. To address this question, we have performed a study on a panel of cultured normal or pathological cell lines. The culture media of these cells were supplemented with the same amount of pre-fibrillar or fibrillar aggregates of a protein unrelated to any protein deposition disease, the N-terminal domain of the prokaryotic hydrogenase maturation factor HypF (HypF-N)*, previously shown to impair (in the form of pre-fibrillar aggregates) the viability of exposed NIH-3T3 and PC12 cells (Bucciantini et al., 2002) . More recently, we have found that NIH-3T3 cells exposed to these aggregates undergo early intracellular free Ca 2+ and ROS increases eventually leading to cell death similarly to cells exposed to aggregates of a number of peptides and proteins associated with amyloid diseases (Sousa et al., 2001; Caughey and Lansbury, 2003) . We found that the investigated cell lines displayed very different susceptibility or resistance to the toxic aggregates of our model protein. Also, we show that the different impairment of cell viability was significantly related to the cholesterol content in the cell membrane and to the differing ability of each cell line to buffer free Ca 2+ increase and ROS production.
Materials and Methods

Materials
All reagents were of analytical grade or the highest purity available. Cholesterol oxidase, phospholipase C, polyoxyetanyl-cholesteryl sebacate, Congo Red and chemicals, unless otherwise stated, were purchased by Sigma (Milan, Italy). Fura2-acetoxymethyl ester (Fura2-AM), Fluo3-acetoxymethyl ester (Fluo3-AM) and pluronic acid F127 were purchased from Molecular Probes (Eugene, OR). PVDF Immobilio-P Transfer Membrane was obtained from Millipore Corporation (Bedford, MA). The cytosol/mitochondria fractionation kit and C2-10 anti-PARP monoclonal antibody were from Oncogene Research Products (San Diego, CA); rabbit anti caspase-3/CPP32 polyclonal antibodies from Biosource International (CA, USA); antiBcl-2 monoclonal antibodies from Santa Cruz Biotech (Santa Cruz, CA). HypF-N was expressed and purified as previously described (Chiti et al., 2001) . HypF-N aggregates were obtained by incubating the monomeric protein (0.3 mg ml -1 ) in 50 mM acetate buffer, pH 5.5 in the presence of 30% (v/v) TFE at room temperature for 48 hours. Under these conditions, homogeneous populations of prefibrillar aggregates about 4-8 nm wide and 20-60 nm short were present, as confirmed by transmission electron microscopy (not shown); by prolonging the incubation to 20 days all aggregates appeared as long unbranched fibrils 3-5 or 7-9 nm wide (Bucciantini et al., 2002 (Mascia Brunelli, Milan, Italy) , 1.0 mM glutamine and antibiotics. Rat H9C2 embryos heart myoblasts (A.T.C.C.) were cultured in DMEM supplemented with 10% bovine calf serum, 1.0 mM glutamine and antibiotics. Human MCF7 adenocarcinoma cells (A.T.C.C.) were cultured in F-12 Ham with 25 mM HEPES and NaHCO 3 supplemented with 10% FCS, 1.0 mM glutamine and antibiotics. All cell cultures were maintained and used for experiments at approximately 90% confluence in a 5% CO 2 humidified atmosphere at 37°C. Cells were used for a maximum of 20 passages.
Aliquots of solutions containing native or aggregated protein in prefibrillar or fibrillar forms were centrifuged, dried under N 2 to remove the TFE when necessary, dissolved in the appropriate cell media at 200 μM concentration and immediately added to cultured cells at differing final concentrations. Protein concentration in the aggregates is that of the soluble monomer. Cells were incubated in the presence of the aggregates for 24 hours; in some cases, cells were exposed to the aggregates for differing lengths of time. Previous data indicate that, under our conditions, HypF-N pre-fibrillar aggregates are mainly present as small globular particles or beaded chains of partially unfolded monomers or oligomers (Bucciantini et al., 2002; Relini et al., 2004) . No depolimerization and microscopic difference in aggregate structures were observed following dilution in the cellular culture media.
Assay of cell viability
The cytotoxicity of the HypF-N aggregates was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were plated on 96-well plates in 100 μl of fresh medium. After 24 hours, the media were changed with 100 μl of fresh media supplemented with 2.0 μM (for all cell types) or with differing concentrations (0.2, 2.0 or 20 μM for Hend cells) of pre-fibrillar or fibrillar HypF-N aggregates. In some experiments, Hend cells were pre-treated for 2 hours with 500 μM water-soluble cholesterol (polyoxyethanyl-cholesteryl sebacate) to enrich the cholesterol content of the plasma membrane, washed with cholesterol-free media and supplemented with HypF-N aggregates. After 24 hours, 100 μl of MTT solution in PBS was added to the cell cultures (0.5 mg ml -1 final concentration) and samples were incubated at 37°C for 4 hours. 100 μl of cell lysis buffer (20% SDS, 50% N,N-dimethylformamide, pH 4.7) was added to each well and the samples were incubated overnight at 37°C in a humidified incubator. Absorbance values of blue formazan were determined at 590 nm with an automatic plate reader.
Assay of the cholesterol content in cell surface membrane Cholesterol in the surface membrane of untreated cells was assayed as previously described (Lange and Ramos, 1983) . Briefly, 2.0ϫ10 6 cells were washed twice and resuspended in 300 μl of phosphate buffer, pH 7.5, containing 310 mM sucrose. The cells were incubated at 37°C for 2 hours with cholesterol oxidase (2.5 U ml -1 ) and phospholipase C (0.2 U ml -1 in 1.3 mM CaCl 2 ) to make cholesterol in the intact membranes available for cholesterol oxidase (Moore et al., 1977) . Then, 600 μl of Dole Reagent (470 μl isopropanol, 120 μl heptane, 12 μl H 2 O) was added to the reaction mixture, followed by 300 μl of heptane to terminate the reaction and to reduce the background by lipid extraction. Total oxidized cholesterol was assayed as cholest-4-en-3-one, after vortexing and centrifuging 10 minutes 2000 g at 4°C, in the upper phase at 235 nm. Controls consisted of cells supplemented with all the reagents except cholesterol oxidase. Cholesterol content was determined by comparison with a reference curve built by assaying differing amounts (1-50 μg) of cholesterol dissolved in 15 μl of isopropanol.
Time-course of HypF-N aggregate binding to cell surface membrane Cells treated for differing times (0, 5, 10, 15, 20, 30 , 60 minutes) with 2.0 μM HypF-N pre-fibrillar aggregates in a 96-well plate were washed twice with PBS. The residual aggregate-cell complex was stained with 100 μl of 2.0 μM Congo Red in PBS for 20 minutes. The Congo Red content was measured photometrically at 490 nm (free Congo Red) and 550 nm (bound Congo Red) with an ELISA plate reader. Under these conditions, the optical density at 550 nm of the HypF aggregate-Congo Red complex is a measure of the amount of pre-fibrillar aggregates adsorbed to the cell membrane (Datki et al., 2004) .
Measurement of intracellular ROS
Cells were cultured in 6-well plates in 2.0 ml of fresh medium. Intracellular ROS levels were detected in cells exposed 3 or 24 hours to 2.0 μM HypF-N pre-fibrillar aggregates by using 5.0 mM ROSsensitive fluorescent probe DCFH-DA. Cells were washed twice with PBS and lysed with RIPA buffer (50 mM Tris/HCl, 150 mM NaCl, 1.0% Triton X-100, 100 mM NaF, 2.0 mM EGTA, 1.0 mM vanadate, pH 7.5) containing 0.1 mM PMSF, 10 μg ml -1 leupeptin and 10 μg ml -1 aprotinin. Fluorescence was measured using a Perkin Elmer LS 55 spectrofluorimeter at 480 nm excitation and 530 nm emission wavelengths. Untreated cells were used for background readings.
DCFH-DA fluorescence into intact cells was also detected by using a confocal Bio-Rad MCR 1024 ES scanning microscope (Bio-Rad, Hercules, CA) equipped with a krypton/argon laser source (15 mW). A series of optical sections (512ϫ512 pixels) was taken through the depth of the cells with a thickness of 1.0 μm at intervals of 0.8 μm. Twenty optical sections for each examined sample were then projected as a single composite image by superimposition. Cells were cultured on glass coverslips and at differing times of exposure to the aggregates, dye loading was achieved by incubating the cells with DCFH-DA for 20 minutes at 37°C in the culture medium. Then the cells on coverslips were fixed with 2.0% paraformaldehyde for 10 minutes, mounted on glass and analyzed by the confocal microscope.
Cell lysis
Cells were washed twice in PBS, and dissolved in 50 mM Tris-HCl buffer, pH 7.2 containing 0.1 mM PMSF, 10 μg ml -1 leupeptin and 10 μg ml -1 aprotinin prior to storage at -80°C until use. Rupture of the plasma membrane was achieved by three freeze-thaw cycles followed by centrifugation at 750 g for 10 minutes at 4°C. The pellet containing the nuclear fraction was resuspended in 20 mM HEPES buffer, pH 7.4, containing 250 mM sucrose, 2.0 mM EGTA, 1.0 mM EDTA, and sonicated twice (5 seconds each time) in ice. Protein content was measured in cytosolic and nuclear fractions according to the method of Bradford (Bradford, 1976) .
Assay of total antioxidant capacity
The total antioxidant capacity (TAC), accounting for total hydrophilic scavengers, was assayed in cytosolic fractions of cell lysates by a spectrophotometric method (Total Antioxidant Status, Randox Laboratories LTD., Co. Antrim, UK). In brief, 2,2′-azino-di-[3-ethylbenzthiazoline sulfonate] (ABTS) was incubated with a peroxidase (metmyoglobin) and H 2 O 2 to generate the blue-green radical cation ABTS
•+ with maximum absorbance at 600 nm. ABTS
•+ is reduced in the presence of antioxidants as a function of the concentration of the latter. The results were calibrated using a reference curve based on the soluble antioxidant Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) as a standard.
Measurement of lipid peroxidation products
To assess the rate of lipid peroxidation, the levels of typical end products of the process, such as MDA and 4-HNE, were determined in the cytosolic fraction of cellular lysates obtained as described above. Measurements were made by using a colorimetric method at 586 nm, according to the reaction of the chromogen N-methyl-2-phenylindole, with MDA and 4-HNE in the presence of methanesulfonic acid at 45°C (Esterbauer et al., 1991) .
Intracellular free Ca 2+ determination
Free cytosolic Ca 2+ was measured by the procedure of Grynkiewicz et al. (Grynkiewicz et al., 1985) . Briefly, cells exposed to the HypF-N aggregates were loaded with 10 μM Fura2-AM using a 1000ϫ solution in anhydrous DMSO previously mixed 1:1 with 20% Pluronic acid F127. Incubation was carried out at 37°C for 60 minutes; then the cells were washed twice with PBS to remove the excess dye, gently trypsinized, centrifuged and washed with a large excess of 10 mM MOPS, pH 7.0, containing 115 mM KCl, 20 mM NaCl, 1.0 mM EGTA and 1.0 mM MgCl 2 . Cells were resuspended in 100 μl of 10 mM MOPS buffer, pH 7.0, containing 115 mM KCl, 20 mM NaCl, 10 mM EGTA and 1.0 mM MgCl 2 and diluted to a final volume of 2.0 ml in a thermostated spectrofluorimeter cuvette. All operations were carried out at 25°C. Intracellular calcium concentration was calculated as previously reported . The volume of added samples was no more than 0.2% of the cuvette volume.
Confocal analysis of calcium transients
The modifications of the intracellular Ca 2+ concentrations in Hend and HeLa cells incubated with HypF-N aggregates were monitored in cells plated on glass coverslips and incubated at RT for 10 minutes in serum-free DMEM containing 0.1% BSA, 10 μM (final concentration) Fluo3-AM as fluorescent calcium indicator, 0.1% DMSO and Pluronic acid F-127 (0.01% w/v). Then the cells were washed and maintained in fresh medium for 10 minutes to allow complete Fluo-3 hydrolysis and placed in open slide flow-loading chambers mounted on the stage of a confocal Bio-Rad MRC 1024 ES scanning microscope. Cell fluorescence was monitored at 488 nm excitation by collecting the emitted fluorescence with a Nikon Plan Apo ϫ60 oil-immersion objective through a 510 nm long-wave pass filter. The time course analysis of Ca 2+ waves after stimulation with 2.0 μM HypF-N pre-fibrillar aggregates was performed with Time Course Kinetic software (Bio-Rad). Usually, cells did not reach confluence on coverslips; a single coverslip with adherent cells was used for only one experiment. For each experiment, a variable number of cells ranging from 10 to 22 were analyzed. Fluorescence signals are expressed as fractional changes above the resting baseline, ΔF/F, where F is the average baseline fluorescence before the application of HypF-N and ΔF represents the fluorescence changes over the baseline.
In a separate set of experiments, intracellular free Ca 2+ was imaged at differing times of cell exposure to the aggregates; cells were incubated with 10 μM Fluo3-AM for 10 minutes, fixed with 2.0% paraformaldehyde for 10 minutes, mounted on glass and analyzed on the confocal microscope.
Ca
2+ -ATPase and ATP assays (Saborido et al., 1999) . ATP measurements were performed by a highly sensitive bioluminescence assay (Kit HS II, Roche Diagnostics, Mannheim, Germany) based on the ATP-dependence of the light emitting oxidation of luciferin catalyzed by luciferase (Lundin, 2000) .
Apoptotic and necrotic markers LDH release was measured in the culture media of cells exposed 24 hours to the aggregates by a routine spectrophotometric test at 340 nm. DNA fragmentation, accounting for cell apoptosis, was determined by an immunometric method (Cell Death Detection ELISA PLUS , Roche Diagnostics) according to the manufacturer's instructions. DNA fragmentation was expressed as the enrichment of histone-associated mono-and oligonucleosomes released to the cytoplasm by measuring the absorption at 405 nm.
Caspase-3 cleavage in the cytosolic fractions, obtained as previously described, was measured after 15% SDS-PAGE run of 50 μg proteins. The gels were blotted on PVDF Immobilon-P Transfer Membrane and probed by overnight incubation with rabbit anti caspase-3/CPP32 polyclonal antibodies followed by incubation with the HRP-conjugated secondary antibody and ECL. Band densities of either the 17 kDa active fragment or the 32 kDa inactive precursor were measured as densitometric units per μg protein using the image analysis and densitometry program Quantity One (BioRad, Milan, Italy).
Nuclear and mitochondrial fractions were used to assess Bcl-2 and PARP compartmentalization in Hend and HeLa cells. Subcellular fractionation was achieved using the cytosol/mitochondria fractionation kit and homogenized samples were treated as indicated by the manufacturer. The cleaved fragment of either the nuclear PARP (89 kDa) or the mitochondrial Bcl-2 (25 kDa) were determined by 12% SDS-PAGE and western blotting using C2-10 anti-PARP and anti-Bcl-2 monoclonal antibodies, respectively, followed by antimouse secondary antibodies. For each band of interest, control values were taken as 100% and values relative to HypF-N treated cells were calculated as a percentage of the control within the same blot.
Statistical analysis
The results were examined by Pearson bivariate correlations and individual group means compared with Bonferroni's test. A P value <0.05 was set as significant.
Results
Pre-fibrillar aggregates are much more toxic than mature fibrils in all investigated cell types All investigated cell types exposed for 24 hours to 2.0 μM HypF-N pre-fibrillar aggregates displayed significantly reduced viability, as measured by the MTT test. However, the extent of cell impairment was different in the various cell types, leading us to rank cells according to their susceptibility; Hend cells were the most heavily affected whereas IMR90 and HeLa were the most resistant (Fig. 1) . In all investigated cell types, a strict correlation between cell viability and the amount of aggregates added to the culture media was found. In particular, the extent of cell impairment in the most susceptible cell line (Hend) ranged from 43% at the lowest aggregate concentration used (0.2 μM) to 62% at the highest one (20 μM). At all protein concentrations a highly significant decrease of viability was found with respect to control cells exposed to 20 μM monomeric HypF-N (Fig. 1, inset) . As the lowest aggregate concentration producing the highest cytotoxic effect was 2.0 μM, all subsequent experiments were carried out using this aggregate concentration.
The extent of MTT reduction was substantially the same in all cell lines exposed to 0.2-20 μM mature fibrils [as exemplified by Hend cells (F) in the inset of Fig. 1 ]. The slight toxicity of the mature fibrils was likely due to the presence, in the samples, of minute amounts of residual pre-fibrillar aggregates, although a specific, yet moderate, fibril toxicity cannot be ruled out. The low (if any) toxicity of HypF-N mature fibrils to all investigated cell lines confirms previous results concerning two different cell lines, PC-12 and NIH-3T3 (Bucciantini et al., 2002) .
Membrane cholesterol content
The role of membrane cholesterol content in the pathogenesis of amyloid diseases is controversial (Ledesma and Dotti, 2005) . To our knowledge, there are no data on the possible modulation of aggregate interaction with cell membranes in relation to the proportion of cholesterol in membranes. We investigated whether a significant correlation between cholesterol content in the plasma membranes and cell viability could be established following cell exposure to HypF-N prefibrillar aggregates for 24 hours, as assessed by the MTT test. We found a significant inverse correlation between inhibition of reduction of MTT and membrane cholesterol (Table 1) .
To assess further the role of membrane cholesterol in improving cell resistance to the aggregates, we determined the susceptibility and/or resistance to the HypF-N aggregates of the most affected cell type (Hend) cultured for 2 hours in the presence of 0.5 mM soluble cholesterol leading to significant enrichment of the amount of membrane cholesterol (125%, P≤0.05). Fig. 1 (inset) shows the cytotoxicity of varying amounts of HypF-N pre-fibrillar (G) aggregates to Hend cells in the absence or in the presence (G+cholesterol) of cholesterol supplemented to the culture media. It can be seen that cell resistance to the toxic aggregates is highly enhanced following membrane enrichment with cholesterol. This finding was confirmed by assessing the time-course of aggregate binding to Hend (either normal or enriched in membrane cholesterol) and HeLa cells exposed for varying lengths of time to 2.0 μM HypF-N pre-fibrillar aggregates, washed with PBS and finally Correlation coefficient (r) and relative significant values (P) (r/P); *significant values. stained with 2.0 μM Congo Red (Fig. 2) . Under these conditions, Congo Red-staining is a measure of the amount of prefibrillar aggregates bound to the cell membrane. It can be seen that, following supplementation of the culture media with water-soluble cholesterol, the binding of HypF-N aggregates to Hend cells was considerably reduced to values almost identical to those displayed by the most resistant cell line (HeLa). This finding supports the idea that, at least in the case of the highly susceptible Hend cells, increasing membrane cholesterol reduces cell susceptibility to the aggregates by impairing the adsorption of the aggregates to the plasma membrane.
Oxidative stress
There is strong experimental evidence suggesting that oxidative stress is one of the early biochemical modifications in cells experiencing toxic pre-fibrillar aggregates (Janciauskiene and Ahrén, 2000; Squier, 2001; Dargusch and Schubert, 2002; Dobson, 2003; Stefani et al., 2003; Bucciantini et al., 2004) . It is well known that oxidative stress can be the effect of either any increased free radical production and/or the weakening of the cell antioxidant defences, including antioxidant enzymes, lipophilic and hydrophilic scavengers. We measured, in each cell line, the levels of non-enzymatic hydrophilic TAC, relating it to the different susceptibility to aggregate damage. The investigated cell lines displayed a differing basal TAC, and a significant inverse relation (r=-0.54, P≤0.05) was found between the basal TAC and cell viability, as assessed by the MTT test, following cell exposure for 24 hours to the HypF-N pre-fibrillar aggregates (Fig. 3) . A significant correlation was also found in all investigated cell lines between cell viability and ROS levels (Table 1) . Indeed, a significant increase in ROS production was found in the differing cell lines exposed to 2.0 μM aggregates for 24 hours respect to controls exposed to the soluble domain. Hend and HeLa, chosen as examples of high and low susceptibility to damage displayed 300% (Hend) and 180% (HeLa) ROS levels respect to controls. These values, although relative to cells exposed to the aggregates for prolonged times, are indicative of a different ability of the variously affected cell lines to counteract the oxidative stress.
The levels of ROS in the two representative cell lines were also measured at early times of exposure by time-course confocal analysis (Fig. 4 ). An early and sharp increase of HeLa Hend intracellular ROS can be seen in the most affected cell line (Hend) displaying the lowest TAC value, whereas a much lower increase was found in the most resistant cell line. In Hend cells, the highest increase, in the 15-60 minutes interval, was followed by a slow decrease at prolonged times of exposure. A significant early ROS increase following exposure to HypF-N aggregates has been reported for another cell line (NIH-3T3) displaying low resistance to the toxic effects of the aggregates . Interestingly, the early ROS increase following exposure for 3 hours to the HypF-N pre-fibrillar aggregates displayed a significant inverse relation with cholesterol content in the surface membrane of each cell type (Table 2 ). In the two representative cell lines, ROS accumulation resulted in an evident increase in membrane lipoperoxidation (as assessed by measuring the levels of MDA plus 4-HNE) with respect to controls exposed to the monomeric protein (117±7%, Hend; 112±5% HeLa).
Intracellular free Ca 2+ levels
It is generally reported that differing cell types undergoing oxidative stress display a rapid increase in free Ca 2+ concentration (reviewed in Gennady and Kelvin, 2001) . Previously reported data showed that in NIH-3T3 cells exposed to toxic HypF-N aggregates, a significant intracellular free Ca 2+ increase occurs after a few minutes of exposure . We confirmed this finding in all investigated cell lines exposed to the aggregates; in fact, under our experimental conditions, each cell line displayed different increases of the intracellular free Ca 2+ levels that significantly correlated with ROS increases (Table 1) suggesting that, in each cell type, intracellular free Ca 2+ and ROS increases can positively affect each other.
The positive correlation between Ca 2+ and ROS levels is also supported by confocal analysis of he ROS and free Ca 2+ content in Hend cells exposed to HypF-N aggregates, plated on glass coverslips and fixed at various times of exposure (Fig.  5) . It can be seen that the rise of cytosolic free Ca 2+ was higher than ROS increase but followed similar kinetics; indeed, the free Ca 2+ level peaked at very early times of exposure (15 minutes), decreased until 3 hours and increased again at later times of exposure, whereas ROS increase was smoother and did not show any early peak.
The time courses of the free intracellular Ca 2+ levels were also monitored for 20 minutes by confocal microscopy carried out on unfixed, viable Hend and HeLa cells exposed to the aggregates (Fig. 6) . The free Ca 2+ increase in Hend cells was earlier, higher and more prolonged than was the increase found in HeLa cells under the same conditions. These data suggest that the more susceptible and the more resistant cells are provided with a poorly or a highly efficient biochemical machinery aimed at counteracting any uncontrolled free Ca 2+ increase in the cytosol, respectively.
The possible relationship between susceptibility to damage and calcium pump efficiency was assessed by measuring the total Ca 2+ -ATPase activity in each cell line of the investigated panel exposed 3 hours to the aggregates (Table 3) . A significant negative correlation was found between impairment of cell viability (as assessed by the MTT test) and Ca 2+ -ATPase activity (r=-0.67, P<0.01). Furthermore, the cell lines endowed with higher TAC levels displayed a higher activation of the Ca 2+ -pumps (Table 2 ). These correlations support the idea that the ability to counteract aggregate toxicity may be traced back, at least in part, to the efficiency of the systems aimed at clearing any free Ca 2+ excess as well as to the resistance of these systems to oxidative inactivation. Moreover, in all cell lines exposed for 3 hours, the increase of Ca 2+ -ATPase activity displayed a significant inverse relation to intracellular ATP content and DNA fragmentation (and hence to apoptotic pathway activation) ( Table 2) . Correlation coefficient (r) and relative significant values (P) (r/P); *significant values. 
Apoptotic and necrotic markers
In addition to impairing cell viability, HypF-N pre-fibrillar aggregates have previously been found to induce necrotic death in NIH-3T3 cells following early caspase-3 activation . In all our investigated cell lines (not including NIH-3T3), the aggregate-induced stress was associated with typical apoptotic features, such as DNA fragmentation and caspase-3/CPP32 cleavage, rather than with necrotic markers. In all cell lines, the release of cellular LDH to the culture media was not significantly increased upon 24 hours exposure to the pre-fibrillar aggregates with respect to controls incubated with the monomeric domain; also it did not significantly correlate with cell viability (r=0.004, P>0.05), further supporting the absence of a necrotic outcome in the exposed cell lines.
By contrast, the amount of histone-associated oligonucleosomes released to the cytoplasm was indicative of a significant increase of DNA fragmentation in nearly all investigated cell lines exposed to the HypF-N aggregates for 24 hours (Table 3) . DNA fragmentation displayed a significant positive correlation with the impairment of cell viability and with the increases of either ROS or the active caspase-3 fragment, a typical late apoptotic marker (Table 1) . Interestingly, the cell line most heavily affected by the aggregates (Hend) displayed an early slight rise of DNA fragmentation reaching about 160% at 3 hours exposure.
Ca 2+ levels regulate many biological functions including apoptosis; indeed, it is well known that Ca 2+ release from the Journal of Cell Science 118 (15) 118±19%  92±18%  L6  110±18%  135±23%  CPA47  125±20%  90±20%  COS7  200±27%  123±15%  C2C12  280±35%  211±30%  A549  206±30%  106±6%  H9C2  270±32%  112±12%  MCF7  275±44%  125±16%  A431  228±38%  97±14%  IMR90  250±26%  116±18%  HeLa  266±39%  129±20% The data are reported as a proportion of the value determined in untreated cells (taken as 100%) and are means ±s.d.% of three independent experiments. intracellular stores plays a critical role in modulating the activity of caspase-3/CPP32, whose activated form can, in turn, affect free Ca 2+ levels by cleaving membrane calcium pumps (Tantral et al., 2004) . Our results confirmed such a close crossdependence; in fact, following 24 hours exposure to the aggregates, all investigated cell lines displayed a positive correlation between the rise of free Ca 2+ and the content of the caspase-3 active fragment ( Table 1) . The results concerning the pro-apoptotic effector caspase-3/CPP32 also agreed with the susceptibility scale. In fact, the inactive precursor of caspase-3 was less abundant in the most affected cell line suggesting a higher presence of its active, truncated form.
The apoptotic process was further investigated by measuring the levels of some typical anti-and pro-apoptotic markers in highly susceptible (Hend) or highly resistant (HeLa) cells exposed for 3 hours. The anti-apoptotic factor Bcl-2 was significantly decreased in Hend cells, whereas it was upregulated in HeLa cells (Table 4) . Another pro-apoptotic marker, PARP cleavage activation, although similar in both cell lines confirmed the observed apoptotic pattern.
Discussion
To our knowledge, the biochemical features determining the different susceptibility of various cell types to the toxic effects of amyloids have not yet been investigated in detail. Our study sought to provide information on this topic by exposing a panel of normal or pathological cell lines to toxic pre-fibrillar aggregates of HypF-N, a protein not associated with any amyloid disease, previously shown to display the same structural features and properties of the aggregates produced by disease-associated peptides and proteins (Relini et al., 2004) . Previous reports have shown that pre-fibrillar aggregates of proteins not associated with disease are toxic to cells in a manner similar to early aggregates of disease-related proteins and peptides (Bucciantini et al., 2002; Kranenburg et al., 2003; Sirangelo et al., 2004) by impairing the same biochemical parameters . Under our experimental conditions, differing cell lines were variously affected by the same amount of toxic prefibrillar aggregates of a particular protein, whereas mature fibrils were substantially non-toxic; this finding suggests that the severity of cell impairment was related to the different ability of any cell line to counteract the biochemical modifications resulting from exposure to the aggregates.
It is widely accepted that, at least in most cases, cell degeneration in amyloid diseases is mediated by a toxic mechanism involving the interaction of the aggregated species with the plasma membrane of the affected cells (Kagan et al., 2004) . Some authors suggest that, by affecting plasma membrane fluidity, cholesterol content affects the incorporation of toxic aggregates into the plasma membrane itself (Arispe and Doh, 2002) . We have found that cholesterol content in the surface membrane of untreated cells displayed a significant positive relation with cell resistance to the toxic insult given by HypF-N pre-fibrillar aggregates. Indeed, in the case of the most susceptible cell type, we found a close relation between content of membrane cholesterol and amount of toxic aggregates adsorbed to the plasma membrane. Furthermore, the amount of surface-bound aggregates was higher in the most susceptible Hend cells, which had a lower membrane cholesterol content, than in the most resistant HeLa cells, which were more rich in membrane cholesterol. Interestingly, Hend cells enriched in plasma membrane cholesterol showed enhanced survival; in these, aggregate absorption to the cell membrane was reduced at levels comparable with those displayed by the most resistant cell type (HeLa). These data agree with the idea that membrane lipid composition is a key biochemical feature affecting aggregate interaction with cells, as well as affecting the type and the extent of the cell's response to their presence; they also further support the widely accepted idea that membrane derangement is an early key step in the path of cell death (Kourie and Henry, 2002; Kagan et al., 2004) . In some amyloid diseases, the toxic aggregates are produced inside the cell and do not interact with the outer surface of the plasma membrane, nevertheless, our finding that toxic aggregates display reduced absorption to cell membranes enriched in cholesterol adds new information to the complex relationships between blood cholesterol and susceptibility to neurodegenerative diseases.
Previous reports have highlighted the key role of a number of biochemical parameters, such as redox status, energy load and free Ca 2+ levels in cells experiencing toxic aggregates of peptides and proteins either associated with amyloid diseases (Mattson, 1999; Kruman et al., 1999; Kawahara et al., 2000; Squier, 2001; Milhavet and Lehmann, 2002; Hyun et al., 2002; Stefani and Dobson, 2003) or not . Therefore, we investigated whether the different resistance to aggregate toxicity could be traced back to the presence of specific biochemical features affecting such parameters in differing cell lines exposed to the same amount of pre-fibrillar aggregates of the same protein under identical experimental conditions.
In all cell lines exposed to the aggregates for 24 hours, a significant positive correlation was found among ROS increase, cell impairment and DNA fragmentation, and a negative correlation between cell impairment and TAC levels. An early ROS increase was found in the most susceptible cell line (Hend) whereas it was reduced and delayed in the most resistant one (HeLa). These data indicate that some modification of the intracellular redox status did occur in all exposed cell lines, further underscoring its key role in cell impairment. The negative relationship between TAC and cell impairment confirmed the importance of any alteration of the intracellular redox status respect to the susceptibility to damage. Finally, the positive correlation between ROS and DNA fragmentation indicates that the modification of the intracellular redox status is a key event, even with regard to the final apoptotic outcome of our exposed cells.
In general, it is not known why cells exposed to the toxic aggregates undergo ROS increase, although several hypotheses M, mitochondrial fraction; N, nuclear fraction; C, cytosolic fraction. The data are reported as a proportion of the value determined in untreated cells (taken as 100%) and are means ±s.d.% of three independent experiments. have been put forward (Butterfield et al., 2001; Milhavet and Lehmann, 2002; Mattson and Liu, 2002; Kanski et al., 2002; Bucciantini et al., 2004) . The idea that oxidative stress may be a consequence of the early increase of free Ca 2+ , due to plasma membrane permeabilization by the aggregates, has recently gained support (Squier, 2001; Kourie and Henry, 2002; Orrenius et al., 2003; Relini et al., 2004) . The increase in the intracellular free Ca 2+ may speed up the oxidative metabolism by activating the dehydrogenases of the Krebs cycle (Squier, 2001) leading to ROS increase. Such an increase in ROS would oxidize membrane proteins and lipids, calmodulin and other proteins with possible impairment of the activity of membrane pumps (Squier, 2001) , further increase in free Ca 2+ and caspase-3 cleavage. The ability of the activated caspase-3 to degrade the Ca 2+ -ATPase would, in turn, reinforce the increase in free Ca 2+ , with its translocation inside the mitochondria, release of pro-apoptotic factors and activation of caspase-9, eventually targeting the cell to the apoptotic death (Orrenius et al., 2003) .
In this scenario, it is conceivable that cells endowed with a higher basal Ca 2+ -ATPase activity and TAC are more resistant to any free calcium increase and to the consequent biochemical modifications. Indeed, in our cells we found that the basal Ca 2+ -ATPase activity was positively correlated with cell viability and negatively correlated with DNA fragmentation and ATP levels. A positive correlation between cytosolic Ca 2+ levels and caspase-3 cleavage was also found in all cell lines. Taken together, these data indicate that, in all investigated cell lines, the interaction of pre-fibrillar aggregates with the cells modifies membrane permeability and ion balance leading to activation of either the oxidative metabolism and/or the apoptotic pathway.
The involvement of Ca 2+ in cell life and death is very complex and not yet well understood. It is known that a large elevation of Ca 2+ concentration initiates several self-destructive cellular pathways comprising free radical production, activation of catabolic enzymes and derangement of structure and function of cellular organelles (Ferrari et al., 2002) . Subtle changes in the mechanisms controlling cellular Ca 2+ homeostasis can also have profound effects onto the decision between life and death (Ferrari et al., 2002) . Indeed, in the most susceptible cell line (Hend) the increase in free Ca 2+ displayed an early peak after 15 minutes exposure, followed by a decrease (although not reaching the basal level) and by a further increase after 3 hours. Such an early increase was not seen in the more resistant cell line possibly due to its higher basal Ca 2+ -ATPase activity; however, the possibility that the plasma membranes of these cells are more resistant to the destabilizing effect of the aggregates cannot be ruled out, as suggested by their higher content in cholesterol and by their reduced tendency to interact with the toxic aggregates. The free Ca 2+ increase found in Hend cells at later times of exposure can be the consequence of the impairment of membrane pumps following concurrent increase in ROS, as confirmed by other oxidative markers such as MDA plus 4-HNE.
After 24 hours exposure to the aggregates, all investigated cell lines died by apoptosis. We have not investigated in detail the features of the apoptotic pathway triggered under these conditions; however, in the two cell lines chosen as representative of high or low susceptibility to the aggregates, a significant negative correlation was found between susceptibility and levels of either Bcl-2, a well known antiapoptotic factor, and the inactive precursor of caspase-3, as assessed by measuring caspase-3 decrease. PARP fragmentation data further confirmed that the apoptotic cascade was triggered by the pre-fibrillar aggregates in all cell lines. These data agree with previously reported findings indicating a link between Bcl-2 and Ca 2+ levels in cell compartments (Pinton et al., 2000) .
Overall, our data confirm the idea that membrane destabilization by the aggregates and the subsequent early modifications of ion balance and intracellular redox status may trigger subsequent modifications eventually leading to cell death (Mattson, 1999; Kruman et al., 1999; Kawahara et al., 2000; Gennady and Kelvin, 2001; Milhavet and Lehmann, 2002; Hyun et al., 2002; Mattson and Liu, 2002; Kayed et al., 2003; Tantral et al., 2004; Bucciantini et al., 2004; Bucciantini et al., 2005) . In this context, we have found that membrane cholesterol may play a key role in disfavouring aggregate absorption to the plasma membrane thus triggering the cascade of events eventually leading to cell death. Our data also indicated that aggregate adsorption, and hence cell susceptibility to damage by the aggregates, is significantly correlated with the levels of anti-oxidant defences, the efficiency of the Ca 2+ pumps and the expression of apoptotic factors. Therefore, membrane lipid composition and the efficiency of the biochemical equipment aimed at counteracting early modifications of the intracellular ion homeostasis and redox status appear key factors in determining the resistance of exposed cells against the toxic insult given by the aggregates.
In conclusion our data indicate the central role of early membrane derangement in aggregate toxicity by using a panel of differing cell types. Nevertheless, it cannot be excluded that other elements, such as the efficiency of the ubiquitinproteasome pathway and the levels of molecular chaperones (Sherman and Selkoe, 2001) or the stage of the cell cycle may be equally important with regard to cell susceptibility to protein aggregate toxicity.
